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Abstrac t , . ‘[’II{’ A[icrolvat(’  I,i[[lt) SoLIII(lrr ( \[ [,S)  Ol)s(’rv(xl OZOII(”  (():~ ) (lccreas(’s

ill ttle Arctic vorkx lwgiI]Iling  ill .Ja Il(lary 1997 a t  .7S;  K (-25 111’a)  aII(l i[l l’cl~r([aty

1997 at 465  K (-JO hI’a). ‘1’hc Illitlirtlu[n  ~wrtcx-alc[agd  Oo IIlixillg  r a t i o s  oljscrvcd

ill 1997 }vere higllcr than  those  i[l 1996,  which  ~vcrc t IIc lotvcst  ever Iccordd Ly N[ 1 , S .

‘1’lIc vertical extent of 03 l o s s  al]d xnaxi[[lutll  local  03 (Iwreases Jvct’e l a rger ,  hut  ttlc

decrease f ind  tllc vortex less cornplckly, i[l 1!)!16-97  tllaIl  in 1 9 9 5 - 9 6 .  1 1 1 .  S colu[lltl

0 3 aho~c  100 hI’a a v e r a g e d  ill the low COIUIIIII 03 rcgioll  slIowd a stronger d e c r e a s i n g

trend ill 1 9 9 6 - 9 7  t h a n  in 1995-96, consistc[lt with tile larger l’ertical extent of the lo~vcr

stratospheric 03 clecreasc. unusually low h igh- la t i tude  CO] LIIIII1  03 values  in Aprii  1997

resulted partly froln chclnical loss;  hmvever, dyIlaInical cfrects related to the u n u s u a l l y

persistent loww  stratospheric vortex and winter-like telllpcrature patterns also played  a

Inajor IOIC.



Introduction

\\’llilt tile f\rctic lo~vtrstr:itos~)tlt~l(  ill 1!)!) .5-96 tvi[ltfr \v21s ttlc coldw+t and IIlost

persiste[lt]y c o l d  of all Ilortller[l  lle[llisl)t~(~re  (N II) }vinte[s 011 r~corcl [.lfa~~t~~.y (l cl.,

19$)6, hereafter il[!)6], tile u[i])rccdented  persistence of te[npcrat um bclo~v tyl)ical polar

s t r a t o s p h e r i c  cloud  (IJSC;)  thresholds illto late hlar 19!)7 [C’oy (t (71., 1997’.  llercaftcr

(’97; S’arzt(e (1 al., 1997, hereafter ,$97] raisin ttle  possit)ility of chcltlica] ozone  (03) loss

occurr ing  la ter  than in any previous year in ~vhic}l ~\rctic 03 Ivas observed. As sllo}vn

by ,l~cnnty ~f al. [1994] ,  the NII  lo~wr stratosI)lleric vortex typ ica l ly  break up in late

Llarch or early April . ‘1’he 1997  vortex }vas intact alld relatively strong into May  (C9’i

show cliagnostics of ~rortm size and strength that COIlfirItl its remarkable persistence). III

1996-97, the l_Jppcr Atmosphere l{cmarch Satellite (UARS) Micro~vave  Limb Sounder

(lll,S) obser~ecl  tl]c Arc t i c  o,, selected days  i*, IIcccmt,cr, late January, l’cbruary a[lcl

April. Although M1, S did not obscvw tile Arctic i[l hlar 1997, ivllcn telnpcraturcw lvere

at record  lolvs for that month [C97], tile pcrsistcllcc of the lwrt,ex into nay  cont inued

to isolate air  Ltlat IIad l)cell  cllcltlically ~)rocessed. IIere, LIIJS  ot)scrvatiolls o f  }\rctic

03 during  1996-97  are colnl)ared to those for 1995-96, ~vlle[l te[nperat ures tvere co lder

oterall [11196; C~97] a]ld chlorille a c t i v a t i o n  greater tllali ill I{JS)[\-{)’i  [,597],  alld to e a r l i e r

~’ears }vitll LJt\l/S  d a t a .

Data and Analysis



I

l)aily hll,S tlata arf’ gridd(fl I)j’ a  t)illl)ill~  all(l at(’ragi[lg l)rc)((’(l(lr(, all(l illt(’r~x)lat(d

t o  iselitrol)ic (~)ott’lltia]  tf’[111)(’r;~turc’, 0) surfac(w  ~lsillg [’[litd Iii[lgclolll  llft(ort)lc~gititl

()[[ice (( ’Ii\ IO) t(~[lll)etatur(’s. l)otc[ltial Vouticity (l’\’) is calculated fro[tl tllc I’Ii\lo

arla]yses.  ‘1’mnsport  calculatior]s arc dollc usillg  UK\10 Jlorizolltal }virlds, diatmtic

descent rates col]lputcd fronl  LJlihlo tcrlll)craturcs, all(l a I’CVC’I’SC’ t r a j e c t o r y  procedure

[l\196 and references tllcrcill].

Results

l’ig. 1  s h o w s  NII,S m a p s  o f  465 K 03 and colun]ll C)q al)ovc  1 0 0  hl’a (Co/03)

in late Jan,  l a t e  l~eb, a n d  early and late Apr  1997. l’ig. 2 shows  ,5S5 K a n d  465 K

NII vor tex -averaged  h] 1,S 0:3,  as ~vcll as Co103 averaged  itl tile rqgioll Ilortll of 40°N

}vitll  CO1O3 < 250  I)U, clurillg  1!396-97’  alld 1 9 9 . 5 - 9 6 ,  Jvitll l)rc\’ious oljserJ’atiolls in t h e

bacligroulld; earlier kvintcrs arc discussed by 11196. l’rior to 1997, the Arctic polar vortex

had fraglnentd to such an extent in April tl]at wrtcx avcragi[lg Jvas IICJ loIIgcr  sensible

[Alanrl(y  (./ al., 1994].  Also, 110 isolated rcgiolls of lo~v C’o103 ill lligll lat i tudes rclllailled.

‘]’bus, the points in l’ig. ~ ill Al)lil for y~ars l~cfol’c 1 ~~)~ arc averages  O\’CI’  SI1lall  VOI’t C’X

relnnallts  or s[[lall  regiolls  lvitll  (’0103 < 250 1)1;,  and are ]Iot full~’ colll})aral)le Jvitll tllc

t\pr 1997 alcragm.

IIctlvccll l a t e  l)cccII]ljrr all(l late ,Iallllary,  vortex-avcragc[I  03  a t  ,5S.5 h dccrcasml

ill tjotll 19!)5-96 a[ld 1996-97 . ‘1’’ra]ls])ort i s  exl)cctd t o  i[lcrcase 03 ill t,lIe Iotvrr

st ratosl)llcric k’ortcx, ttlrougtl I(,l)lf’[lislllll(’llt  t~y dialjatic CI(’scrllt. .11!)6 sllo~vf’fl ttlat ttlc

():> (Iccreasc a t  5S.5 K ill 1!)9<5-96 \vas ilicollsist(’llt Lvitll trallsljort alo[l(’, all(l lll~lst IIat’c

resllltc(l fro[ll cticlllical loss. ‘1’tl~ ([(ICIX.aS(J i[l 1!)96-!)7 sLIg:(,hts  that cll(’[lli(al d(>~)l(’tio[l

~Jcgiili ill ,JatL 1!)!)? 11(’ar bsfi I;. ‘1’tlis is collsist(~lll  Jvitll  tllc ciollltio[l of tt’llll)(lt~t(ll(’s  arl(l

Ltrit II (tllorill(~ a c t  ilatioll,  sill(’(’, (l~lrillg .Jall l!)!)?, .5S.5  Ii tt’1111)(’uat IIH’S rt,lllaill(’(1 t)(’lt)lv

tll(’ t)l)i(al l)S(( ttlr(wllol(l  iiIi(l kll,S t)l)s(’rv(wl (IIII;Iti((xl (’10 a t  5S.-) Ii [.~’!)7]. 1[;3 Ii

\’ol’1(  ’.\-:l\’(’l’:l 1 (’(L I  ():j ill(r(~as(xi l~(ItLv(>(JII liIt(~ I)(( 1!)!)(; tifl(l Iiit( .J;lll I!)!) i’, (ollsist(’111 Jvil Ii



t Ilti }J(>l[aviou (’xl)(xt(x[  (111(’ to tIaIIsl)ort,  aII(! t[l(’ a])s(’11((’ o f  tcllll)(,rat LIr(iS lo~v (’tlollg~l to

forltl  l)S(’s (Illrirlg IIlost o f  t h i s  I)criod  [( ’!)7; ,~’!)~]. :\ J’(’ar carli(r. siglli(icallt [)~ 10SS at

46,5 K tlad alrca(ly occ(lrrcd Ijy l a t e  ,JaIl 1 !)!)6. Si[lcc 0:3 co[lt illlld to iilcreasr ill .Jatl

1997 clue t o  transl)ort, 465  Ii ():3 irl late Jan 1!197 TWIS lligheu tharl  ill l a t e  .JaH 1996.

4(L5 1< \outex-a\’(:r:tgccl 03 dccreasd r a p i d l y  duri[g I’cL 1997,  at  a  rate  slightly

faster tllall t h a t  irl F’ctj 1996.  Alost  o f  this dccrcaw occurd to~vard tile l’ortcx

cclItcr (lJig. 1 ) ,  collsistellt w i t h  11/\l,O}t  ohscrk’atiolls  [1’i(rrc c1 a l . ,  1997].  ‘1’ra[u31)olt

calculations at 46.5 K indicate that ltlaskillg of cllmllical loss through xeplenistllllellt via

diabatic clcwcent lvas less irl 1+’eb 1997 tllall ill IJelj 1996, ;vitll  <I O(YO of the loss Illaskd,

a s  colnpared to -1,5(XI ill 1996,  and w20-  50% in p r e v i o u s  NTII lvintcrs [11196].  At .5S5 K ,

IIolvcver,  transport calculations suggest that W7’5(X of tllc chelnical  loss in I+’cl> 1997 lvas

Inaskd by t ranspor t ,  an aInoullt si[llilar to other years [i\196].

465  Ii t e m p e r a t u r e s  rclnailled low througtl most of L’lar 1997  [C97’; S97] ,  so

a d d i t i o n a l  c h e m i c a l  03 loss  \vas cxpectcd. Grouncl-hasd otxcrvatiolls shotv 03 in the

polar vortex decreas ing  during  hlar 1997 at le~els  bct~vecn N-’100 and CW.520 K [~)onot~an

(I {//.,  1997].  \\rc used trallsl)ort c a l c u l a t i o n s  t o  mtilllatc tile I[liIli[nu[n  value  that hIIjS

\’ortcx-averagd 0:] Itlay nave  rcaclld duri[lg  hlar 1 9 9 7 .  ‘1’11(’  thill line ill l“ig. % alld

2}) starti[lg fro[ll  tllc d a t a  ])oint  011 26 }’(’1) 1997  s} Io\vs tllc c’x~)mtd tx’havior o f  OS due

t o  t r a n s p o r t  aloIle,  calc[llatd fror]l 26 I“et)  to 12 :\])r 1!197. tVllilc suclI calculatioIls

}jcco[nc nlorc uncertain aftcl N20  25 d a y s , trots usil]g sllortcr calculations coIIfirm  that

Il)ost  o f  t h e  O:J clla  Ilgr due to  transl)ort occurrml tmforc’ [Ilicl-llarcll. ‘1’lle Iirlc elldillg

a t  tllc 1 0  :1[)1 1{)!)7 (Iata  I)oi[lt SIIOIVS lIo\v (Iy[la]llic<ll [) IX) C(JSS(>S \vo Llld tlavc’ 1( ’(1 to that

\’c)lt(’x-zi\’c12ig(*(l  0:3 Ikilue, t)aw(l  011 tll(~ al)o\YI calculat io[). ‘1’1)(~ dots (:xt([l(lillg fro[]l ttlc

2(i 1+’(’1) All, S ol)srriatiol) arc Z(II  (’xt,ra[)olatio[l of tll(’ (Jsti[llat(~(l  slol)(’ o f  ctl(’[llical  l o s s

f o r  2 0 - 2 6  l;(’l) 1!)97 (ca]culat (xl t)y co[lll)i[li[lg  tll(’ ol)s(’l\”(Yl Ctlallgc ~vit,ll t II(J i[l(.r(’tls(, (1[1(>

to t I’allsl)ort ()\’(’l’ t,ll(’ Iat(’ .Ja II(Iary  Iato 11’(Il)IIIaIy  I)(rio(l, a s  (l(w. ril)(~(l  I)j’ .l/!)[i). “1’llis

Iill( ;Ll)l)loxi[ll:lt(s t  II( II1OSI  r:ll)i(l (I((r(as( Iik(’ly to lI;I\(’ ()((llrr  ((l. ‘1’tl(’ ill[(’rs(’(tiol]
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I)c co[lll)aral~lc  t o  those if] 1!)!)6, arl(l a t  .16.5  Ii, [Ililli[ll[lltl  Illixi[lg ratios }Vf’re l)rot)at)l)”

sliglltl}’ larger  ill 1!)97 than in 1 {)96. \70rtf’x-ziv(.’1agc(l  (33 stayd Ilcarl) Co[lsta[lt  in

i\l)t’ 199’i (1’ig.  2?1. 2tJ),  wittl  tllr lo~v ozotle  [llixillg r a t i o s  resulting froltl  cllel[lical 10ss

relnaitling cor Ifi Ild Jvitllill  tllc vortex (1’’ig. 1 ) .

l“ig. :3 coIllpaI’(’s t]le spa t ia l  Cxtcllt of ():1 ]0ss Otwri’d by ~ 1 1 . S  dL1l’illg t~le lW-97

and 1995-96 .Nfl ~villtcrs, sllo~vi[lg cllallges ot’cr  69 d a y s  (cllosell it! each year s o  as t o

illclude the period of most rapid  okrvd ()~ loss). ‘1’0 preserve the corlclatioll ivith  the

vortex, 0 3 cllangcs are plotted as a fu[lctio[]  of equil’alcllt latitude (l)V expressed as tile

latitucle t h a t  lvoulcl encolnpass the sarlle  a r e a  a s  tllc l)V colltour) and O [e.g.,  11196].

‘J’lle lnaxi mum clccline  ill 1997 Jvas WI ..5 ~)lJ1nl’, co[npard t o  W1.1 ~)pnlv in 199$96.

A]tllougl]  suhstant ial OS clecrcases ill t lle vortex Cxtelldd solllcwvhat lligllcr ill 1 9 9 & 9 ’ i ’

t tla[l ill 1 9 9 , 5 - 9 6 ,  diffcrcliccs over  a sllortcr I)criod  ill 1995-$)6 elldiIlg  011 20 F’eb 1996



t  II( Iolv(’r st ratosl)tlt,ric iort (’x. all(l t h i s  ai’(,rag(’  i[l(lllcltw so[fl(” i’(’u~  IIigll ( ‘0/():) Valllt’s)

SIIC)IV  sirl]ilar t  rcll(ls.  (’do:, ill I!)!) .j-$)(j  tvas  lc)lvt’r  t  llar I ill t  lIc ()(11(,1  ~“(’<~rs ol)s(’ri’(’(1  1~}”

AI IJ,S, iIlcludillg  1996-97. ‘1’tlis is  prol)at~ly du(’ [Ilai[lly  to  tllc lllcteorological situatiotl i[l

1 9 9 . 5 - 9 6  [N196], when lo\v t(’[llperatllres  tv(’1’(’  fqllc’[ltly  along  t}lc vortex dgc’, aIld U])per

trol)osI)heric hlockitlg e~’eIIts YVCK COIIIIIIOII, dy[lalnical collditiorls Lllat frqlle[ltly lca(l  t o

unusually low colll Ill Il 0:] [C. g., /’c/s~/dl (I al., 1 !J!)l  aIId rcfcmlces tllc’rei[l].  Ill co[ltrast

to otllcr years, Co10:3  in Jan hlar 1996  arl(l l’cl~ :\~)r 1997 cxhil)itcd dowII\vard tmlds,

Ivllctl dyIlaIllical ef~ccts  tverc exl)cctcd to p r o d u c e  ol’erall  iIlcrcasi[lg trcilds. III IJig. 1 ,

for example, a decrease txtwmvl 2S Jail and 26 1~’c}.)  19!)7 i s  qua l i ta t ive ly  collsistcllt ~vith

tllc decrease in telnperaturc, but tllc dccreasc l)ctlvwll 26 I+’cl) aIId 10 Apl’ 1997 \vc)uld

llot  ha~’e hccIl  e x p e c t  c c l  givc[l  tllc cc)llsideral)lc  telllllcraturc illcreasc.  ‘1’he dolvllivard

trclld in 1997 }vas WI .2.5 tin)cs that ill 1996,  cons is tent  Ivitll tllc expec ta t ion  tha t  03

loss over a larger vertical  raI’Igc (l;ig. 3) lvould IIavc a greater effect 011 C’o/03.

F’ig. 4 shows hII,S zollal-lncall  C0103, for IIigh latitude (60- SOOhT) and Inicl-latitude

(30 60° N) barlds  for  1991-1997. IIlterallllual Iariahility ill zollal-lnea[l AIIJS (.:0103

is gmlerally  c o n s i s t e n t  with  what  fve see ill zolia]  Illealls  (llot stiown)  of ‘llO\l  S to ta l

0:3, bad on 1991-93 Ninlbus-7, 1993-96 Nl(teor-:3 aIId 1996-97 :\l)I:OS ‘J’ONIS d a t a .

\rariatioIls  iIl N]] COIUIIII1  ():;  at tligllcr l a t i t u d e s  arc grt’atest durillg  tvilltcr, lvitll  cllangrs
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i[lfr(~asc(l  ral)i{!ly  in latt’  t\lJril (SW a l s o  I“ig. ~t), (.c)ll~llll(~[lt  Lvitll a ral)icl t(’1111)(’t’atllI’(’

itlcueasc  aricl t II(’ l~u(~ak(lotvll of Ivi[lt(’[-like te[ll[)(~rat llt(~ I)att(’r[ks ( l~ig. 1 ). ‘I’l Ie illcrrasitlg

asy[tlllletty o f  tllc Iwlar  loiv-Cfo103  rcgioll  (F’ig. 1 ) also i[ll~)li(s  that zoIIal lIleaIIs  i[lcl(ld(,

IIIOre of a Illixturc  of high aTId low values. ATcarly a l l  of the illterallnual and teltllmral

d i f f e r e n c e s  ill nigh lati tude (To103  result frolll  differences ill the layer  ~)CtlVCC1l 100 h}’a

alld 22 hPa (not sho~vn).  Silice lo\Yer stratosl)llcric 03 lllixillg r a t i o s  ~vcre Ilot irlcrcasillg

si,g[lificalltly  at  this t ime arid ttle 03-dcl)lcted air  rmllained  collflIld itlside a  s t r o n g

‘la, 2h), IIluch  of the illcrcasc ill Co103 Inust  be due to dynamical  ef~cctsIortex (lJigs.  1, -

associated with the increasing temperatures and Imlatd tramitioll to sumnlcr-like

temperature patterns (warltl  polar regions).

in  mic l - la t i tudes  (Pig. 4t~) during l’et~ruary  tllrougll April, Co103 }vas loww in 1997

tllatl  in 1996, nearly as  low as  in 19913, Jvllcvl l o w  IIli+latitudc  values  are thought t o

have rcsulkcl froln eff_ects of  the h i t .  }’inatubo cruptioll [e.g.,  .$ofomon  c1 al., 1996  a n d

references therein]. ‘1’he two-year patterl] of high/low l[lid-latitude C~olO:l Illay  he related

to the quasi-l~icllrlial  oscillation [e.g., Zaudny crld A/c(TorrnicL, 1 991]. ‘J’hc illcrcasillg

asylnlnctry of Co103 (1’’ig. 1 ) probably colltril~utes to tile Illid-latitude  (lccreasc  iIl late

:\fJril as \vcll as tl]c coIlteIll])oIaIlcoLls  IIig}l-latitude  C’dO:+  illcrcasc.



IOLVCU st ratosl)llt’ui(.  ():) [tlixillg  Iat ios (Illrillg  t II(’ 1  !)!)L!)7  Ivillt cr Iv(’rt> llt’1(’r as lotv as

tllos(’  ill l!)!) 5-!)6.  t\Itllo~gtl  ():1 l o s s  colltillll(xl l a t e r  ill I!)!) (i-!)?, i t  also Ixgall Iat(’r,

resu l t ing  i[l Illorc  ():~ at tile t~egill[lillg of tllr I)criod of dcI)letioI). AII,S COILII1lI1  ():3 Zll)ov(’

100 h])a iIl the coIIfiIIc(l region of Iotv COIUIIII1  03 at lligll latitudes sho~vecl  a stro[qyt

dccmasing trel Id ill 1996-97  than in 1 9 975-96,  collsiste[lt Ivitll the Iargcr  vertical cxtcllt

of the 03 decrease. [Jnusua]]y  small values of hig]l-latitude  zollal-llleall XII,  S COILLIIIII  03

abo~’e 100 lll)a ill tlpr 1997 resulted partly froltl  cllel[lical loss, Lut lverc  closely related

to the unusually late persistence of winter-like te[lll)erature patterns allcl a confined
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Figure 1 . -16.5 K Lll,s ():3, a[l(l Nil, s Colulll[l  ():3 at)ove  1 0 0 ”  hl’a,  011 2s Ja[l,  26 lJel), 1(I Apr

.311(1  2.1 .\pr’ 1997. ‘1’\vo  I’V co[ltours  ill  ttle  regio[l  of strong gradic[lts alo IIg tile vortex edge

are sho\v II on ttle -165 K  [naps. 16 Ill’s te[tl[)erature  co[ltours  of 200, 20.5, 210 a[ld 21.5 K are

overlaid 011 tile colutllt] O:j nlaps. ‘1’he projectiol~ is orttlogra[)llic, Jvittl 0° at the I)ottortl and

90°1tto ttlerigllt; clasllc~tl  li[lesare 30°a[ld(i00N.

F i g u r e  2. (a) 585 Ka[~cl (b) .]6bI<\c)rtex-a\eragec103 (pplt~v, averaged lvithitl tile outermost

of the two I’V contours shown ill I;ig.  I), and (c) COIUI]lI] OS above 100 hI’a  (I)LJ, a v e r a g e d

poletvard of 40° N fc)r COIUI)l[I 03 < 2.50 1)11), for 1 I)ecelut)er  to 30 April. c;yar] triangles sholv

199.5-96, Inagcnta  squares 1996-97, and previous IJAI{S  ~vinters are sho~vll as grey dots in the

bacligroulld. ‘1’tlin magentali[les allcls[tlall rtlagc[ltaclcJtsstic)\v Iesu]ts oftra[lsport calculations

a[Icl  all Pstil[late c)f Ininiulurl] OS (see t e x t ) .

F i g u r e  3 .  hlI, S 03  change (p[)IIIv) over f.j!ldays, l~ct\veetl (a)~ll  .JaI~ and 10;~pr  l!397, aud (b)

2~~ l)ec 199.5 and 3 hlar  1996, itl eqllivalerit lzititll(le/O-sl)ilcr ( s e e  t e x t ) .

F i g u r e  4. ZoIIal IIIea II (i~)  Iiigll-latitllfle ((iOO SOON) illl(l  (t))  IIli(l-lilt itll(l(! (:100 (;OOS) h[I,S

Collllllll ():) at)()\’(J  100”  I l l ’ s ,  fo r  1991 throll~tl 1!)!);.
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